DNA barcoding is a recent and widely used molecular-based identification system that aims to identify biological specimens, and to assign them to a given species. However, DNA barcoding is even more than this, and besides many practical uses, it can be considered the core of an integrated taxonomic system, where bioinformatics plays a key role. DNA barcoding data could be interpreted in different ways depending on the examined taxa but the technique relies on standardized approaches, methods and analyses. The existing reference towards a common way to treat DNA barcoding data, analyses and results is the Barcode of Life Data Systems. However, the scientific community has produced in the recent years a number of alternative methods to manage barcoding data. The present work starts from this point, because users should be aware of the consequences their choices produce on the results. Despite the fact that a strict standardization is the essence of DNA barcoding, we propose a tour of six questions to improve the users' awareness about the method, the correct use of concepts and alternative tools provided by scientific community.
INTRODUCTION
DNA barcoding is a molecular and bioinformatic tool that aims to identify biological species [1] . The basic idea is quite simple: through the analysis of the variability in a single (or few) standard molecular marker(s), it is possible to discriminate biological entities (hopefully belonging to the species taxonomic rank). This method relies on the assumption that the genetic variation between species exceeds that within species. Consequently, the ideal DNA barcoding analysis mirrors the distributions of intra-and inter-specific variabilities separated by a distance called 'DNA barcoding gap' [2, 3] .
The original idea was to apply DNA barcoding systematically to all metazoans, by the use of one or few (mitochondrial) markers (e.g. coxI [1] ; see also question 3). Rapidly, but with less coherent results, the idea was extended to flowering plants [4, 5] and fungi [6] , and now the DNA barcoding initiative can be considered a tool suitable for all the tree of life Maurizio Casiraghi is an Assistant Professor at the University of Milan Bicocca, Italy, where he teaches Biological and Molecular Evolution and Symbiosis. His recent works are focused on intra-cellular symbioses and DNA barcoding. Massimo Labra is an Assistant Professor at the University of Milan Bicocca, Italy, where he teaches Plant Systematics and Biodiversity. His recent works are focused on the analysis of plant biodiversity and agrobiodiversity by DNA molecular markers. Emanuele Ferri is a PostDoc at Polyclinic San Matteo, Pavia, Italy, where he studies microbial communities associated to pathologies. His interests encompass bioinformatics in the study of genetic relationships between organisms. Andrea Galimberti is a PhD student in Biology at the University of Milan Bicocca, Italy. His research project is focused on theoretical and practical aspects of DNA barcoding (especially with regards to metazoans). Fabrizio De Mattia is a PostDoc in plant biology and crop productivity at the University of Milan Bicocca, Italy. His work is focused on plant molecular biology, plant DNA barcoding and biodiversity conservation.
branches (even for Bacteria and Archaea, using a multi-locus sequences typing, see [7] ). However, DNA barcoding is actually a method working with success in metazoans and fungi, with problems in plants. Efforts in DNA barcoding development and management are coordinated by the Consortium for the Barcode of Life (CBoL; http://barcoding .si.edu/).
One of the major properties of a DNA barcode is the possibility to easily associate all life history stages and genders (in particular when the morphology, living behaviour, habitat are consistently different) or to identify organisms from part/pieces (for example, when parasites are recovered by physicians or veterinarians, or in the case of slices of food analysed for traceability purposes) or to discriminate a matrix containing a mixture of biological species (i.e. in the technique known as 'environmental pyrosequencing') [8] [9] [10] . Quite soon it became clear that DNA barcoding was suitable for two different purposes: (i) the molecular identification of already described species [1] and (ii) the discovery of undescribed species [11] .
DNA barcoding has generated a vast debate in the scientific community, which has been from the beginning, deeply divided into pros and cons. It is not the aim of our work to follow this debate, but an idea of it can be obtained from the references [2, [12] [13] [14] [15] [16] [17] [18] [19] [20] . Our goal is rather the opposite. Stated that DNA barcoding is a method, and like all methods it can be more or less fallacious, we described and critically classified the principal analytical approaches proposed by the scientific community, taking into account that the failures are mainly in the essence of biological species, in the patterns of molecular evolution, in the completeness of sampling, in the hybridization events and in the heteroplasmy of sequences from different tissues rather than in the method [16, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] .
Hence, what is the revolution introduced by DNA barcoding? In our opinion, the big leap is not only in the discrimination power itself, but also resides in the conjugation of three innovations of modern taxonomy: (i) molecularization (i.e. the use of the variability in a molecular marker as a discriminator); (ii) computerization (i.e. the not redundant transposition of the data using informatics supports) and (iii) standardization (i.e. the extension of the approach to vast groups of organisms not deeply related) of the taxonomic approach. Molecularization [33] [34] [35] and computerization [36] [37] [38] [39] have been independently present in the taxonomic world for a long time; from this derives some superficial criticisms relative to the absence of innovation in DNA barcoding (see for instance [17] ). Standardization was randomly present in the taxonomic world: for instance, the international codes for nomenclature were big efforts in the direction of a common language among researchers. However, from the practical point of view, standardization of the approaches was less a demand in the specialized taxonomic world. For the first time in years, by DNA barcoding, it is possible to introduce in taxonomy a generalization, allowing researchers specialized in different fields to work on a shared framework.
In the space of few years DNA barcoding has moved from fantasy to reality. In some of the first enthusiastic reports, DNA barcoding was even claimed as the way to make true the dreams of Gene Roddenberry, the creator of the science fiction drama Star Trek, proposing the creation of a tool for organism identification, the DNA barcoder, a homologous to the fictional Tricorder [40] . A few years later we are not yet in the spaceship enterprise, but DNA barcoding has deeply impacted the scientific community, becoming a widely used approach.
The aim of the present work is to draw a sort of 'behavioural code' for the users, raising some key questions about the focal DNA barcoding aspects. These questions will be also a pretext to follow and summarize the development of the techniques and bioinformatics used in DNA barcoding analyses, in order to allow users to wittingly choose among the different approaches to DNA barcoding, in absence of a shared analytical procedure.
QUESTION 1:WHAT IS THE AIM OF A DNA BARCODING ANALYSIS? THE ESSENCE OF A DISCRIMINATION METHOD
DNA barcoding is a standardized and automated system for the identification of living beings [1, 41] . However, at the present state of the art, the most relevant DNA barcoding tool, the Barcode of Life Data Systems, BOLD (http:// www.barcodinglife.org/ [42] ) is still in constant evolution and update. The majority of the published works performs a simple distance matrix analysis, using a Neighbour Joining (NJ) algorithm, with a Kimura 2 parameters (K2P) correction (see for instance [9, [43] [44] [45] [46] ). The feeling is that they are using NJ 2KP more by routine than reasoned choice. This approach is, at least, disputable [29] , even if the Kimura correction was claimed as the best DNA substitution model for low genetic distances [47] .
Most of the questions raised by the use of DNA barcoding are directly linked to the essence of an identification method. In a strict sense, to identify means simply to differentiate (i.e. a species could be defined only in relation to other species [48] ). The choice of the discriminator is essential, because it is (almost) always possible to differentiate: the difficulty is in giving a biological meaning to what it has been discriminated.
Even if not always fully acknowledged, DNA barcoding implies two different approaches to discrimination. DNA barcoding sensu stricto is a simple sorting method that could differentiate biological entities. We underline: discriminate, not define them. It should be clear that DNA barcoding does not claim for a new species concept, this being absolutely not necessary to the success of the method. Indeed, the species concepts used to deal with the molecular entities identified in DNA barcoding analyses are already available in the scientific community. However, the choice of a proper species concept is crucial to perform a reasoned DNA barcoding analysis (see also question 2). DNA barcoding sensu stricto is not significantly different from a dichotomic key in the traditional taxonomy framework. DNA barcoding sensu lato represents a system that is the true sense of taxonomy [49] [50] [51] . The discrimination method itself can be considered the epiphenomenon, and the subject of major criticisms (DNA barcoding sensu stricto), but it becomes a system implementing all the aspects of taxonomy towards the representation of the living world as a whole (DNA barcoding sensu lato) [52] [53] [54] [55] [56] .
It should be clear to the users which kind of DNA barcoding philosophy they are going to use. In a provocative way, someone can state that it is never possible (or, at least, potentially misleading) to identify species through the analysis of genetic divergence [26, 57, 58] . It is well known that no identification method (morphological, biochemical, genetic or whatsoever based) can truly identify species, because species are entities in continuous evolution and it is theoretically impossible to define statically such dynamic matter. DNA barcoding, in its original generalization, follows the typological species approach, a concept that theoretically fails because it freezes the evolutionary continuum of species. To cope with this limitations, some development of DNA barcoding shifted towards other species concepts (see below).
The entities identified by molecular approaches have been named in several ways: 'Genospecies'; 'Phylospecies', sensu [59] ; 'Recognizable Taxonomic Units', RTUs, sensu [60] ; 'Phylotypes' sensu [61] ; 'Molecular Operational Taxonomic Units', 'MOTUs', sensu [62] .
The major issue is how close are those, whatever named, molecular entities to what we are used to call 'species'. Even if the point has been clearly treated by different authors (see, for instance [19, [63] [64] [65] [66] ), a general naïve assumption considers 'molecular entities' and 'species' as synonyms. But when is a molecular entity equal to a species? And what is the meaning of a molecular entity that does not match a described species? DNA barcoding deals with the boundaries among races, varieties, demes, populations, species, a well-known tricky field. Darwin [67] defined both the species and the variety as groups of individuals arbitrarily named by experts 'for the sake of convenience'. Mallet [58] has significantly supported Darwin's thoughts. This is the (almost) insurmountable problem for DNA barcoding sensu stricto: the biological meaning of the identified ranks cannot be directly derived, unless we have clearly and unequivocally linked a species to the variability pattern of a single DNA barcoding marker. In all the other cases, we need DNA barcoding sensulato [53, 68, 69] .
The identification and then the interpretation of molecular entities is the main goal of DNA barcoding that could be reached only by users with a sound theoretical background on what is identifiable by this technique. We believe that the users do not need to mention this debate in their works, but its consequences should be clear in their results and discussions, to avoid confusion and a misleading interpretation of the data. Table 1 ). Even if coxI has proven to be useful to discriminate species in most groups tested, its limits in some animal taxa are already evident [2, 46, 71] . In spite of these problems, coxI is the main marker for DNA barcoding purposes in metazoans, as revealed by the high number of published projects (see Project section at http://www.boldsystems.org). The choice of regions usable for DNA barcoding has been little investigated in many other eukaryotes. For instance, a marker was already available in fungi: the nuclear ITS region, and it has been now confirmed as the main DNA barcode for this group ( [72] ; Table 1 ), even if coxI has been successfully tested on these organisms [73] . In land plants, compared to animals, mitochondrial DNA has slower substitution rates and shows intra-molecular recombination [74] , thus plant coxI exhibits a low rate of evolution, limiting its capabilities to univocally identify plant taxa. The search for an analogous to coxI or ITS in land plants, that matches with the DNA barcoding criteria, has focused attention on the plastid genome. Several plastid genes have been proposed, such as the most conserved rpoB, rpoC1 and rbcL or a section of matK showing a rapid rate of evolution, but in some plant families, these genes showed amplification problems (see [5] ). At the same time, the intergenic spacers such as trnH-psbA, atpF-atpH and psbK-psbI were tested for their rapid evolution [75, 76] , but showed standardization and sequence alignment problems. Recently, the CBoL Plant Working Group [77] provided a recommendation on a standard plant barcode suggesting the 2-locus combination of rbcL and matK (see Table 1 ).
DNA barcoding data are meant to be easily and widely accessed and to gain this purpose a proper sequence submission procedure is available for GenBank (http://www.ncbi.nlm.nih.gov/WebSub/ ?tool¼barcode). This procedure slightly modifies the standard sequence submission procedure, introducing a DNA barcoding label to the sequence to simplify database querying and searching. Moreover, additional data are requested to link barcode sequence data to its voucher specimen. This standardization is mirrored by the establishment of the Registry of Biological Repositories initiative (http://www.biorepositories.org/), an online registry of organisms linked to DNA sequences.
DNA barcoding sequences can also be deposited as projects in BOLD databases that are characterized by an automatic submission tool to publish sequences to GenBank.
QUESTION 4: DNA BARCODING IS NOTAd Hoc PRIMERS FOR ALL THE SITUATIONS. DID YOU CHOOSE/DESIGN PROPERLY DNA BARCODING PRIMERS?
DNA barcoding is a standardized method, as little as possible, taxon influenced. Design ad hoc primers could be the only choice in some cases, but as a general principle, primers working on few or even only one genera are not really in agreement with DNA barcoding philosophy, that is instead based on the possibility of amplifying, in a single PCR run and, hopefully, with the same primers, the same barcode region in different taxa. As a first approach to a DNA barcoding work, it is correct to test some widely used primers. In BOLD the registration of DNA barcoding primers for the different barcodes is available and encouraged (http://www.boldsystems.org/views/primerlist.php). In animals, pairs and/or cocktails of coxI primers have been successfully used [78] . In conclusion, for a DNA barcoding user approaching to the characterization of an animal group never tested before, it should be easy to try a vast collection of primers and conditions. Quite different is the situation in plants, where we are presently facing most of the difficulties for primer design. Considering the two best candidates rbcL and matK, only for the first a universal primer combination suitable for all plant species was defined [76] . On the contrary, matK was analysed in different plants and several reports were published regarding the universality of the primers, ranging from routine success [79] , to more patchy recovery [5, 39, 75] . In conclusion, for plant DNA barcoding users, there are more doubts. In any case, since few months, there is, at least, a standard proposal to be followed [77] .
In fungi there has been a large debate about the best barcode region, but at the present state of the art, the community has decided to focus mainly on the ITS region, for which a list of primers and related amplification conditions is now available.
QUESTION 5: ARE YOU DEALING WITH A CORRECT BARCODE SEQUENCE?
A proper DNA barcode must have a minimum length. Accordingly to BOLD-IDS (see question 6, first answer), a quiered coxI or rbcL or matK sequence has to be at least 500 pb long, while an ITS query sequence has to be at least 100 pb. Smaller coxI barcode sequences have also been taken into account as 'minibarcodes' especially for degraded samples of metazoans [80] .
Nuclear mitochondrial DNA (numts), and more in general pseudogenes, are non-functional copies of an original gene that can be amplified instead, or coupled, with the functional copy. When these entities are copies of a DNA barcode, they are referred to as 'DNA barcode-like sequences'. Several studies show that: (i) the occurrence of these sequences is widespread among different taxa [23, 27, 81] ;
(ii) inclusion of these sequences in a DNA barcoding study can strongly influence the accuracy of subsequent analyses (e.g. overestimating inter-specimen variability, see [27] ). It is hence fundamental to detect and delete pseudogenes from the reference dataset.
Song et al. [27] and Buhay [81] suggested step-by-step procedures in order to identify possible pseudogenes. BOLD itself provides a quality control tool to check sequences for the presence of stop codons and verify that they derive from coxI by comparing them against a Hidden Markov Model. In any case, it should be noted that even with these procedures the impact of numts can be overlooked [27] . At the moment, numts are a serious problem for the analyses based on mitochondrial and plastid genes.
QUESTION 6:WHICH DNA BARCODING APPROACH AND WAY TO REPRESENT YOUR RESULTS ARE YOU GOING TO USE? THE BIOINFORMATICS OF DNA BARCODING
As stated before, there is no consensus on the best method to analyse DNA barcoding data. This is confirmed by the publication of works in which researchers tested different approaches on the same dataset [82] [83] [84] . In most of the cases, the result is the same: there is no analytical method outperforming the others, but the 'best method' is case related. In such a dynamic and fluid situation it is necessary that users get more and more acquainted with the bioinformatics of DNA barcoding. At the same time, users should learn how to properly manage data, to avoid errors and incorrect interpretation of the results. It should be underlined that the objective of DNA barcoding analyses is relatively simple: to assign each query sequence to a set of referenced (tagged-specimen) sequences extracted, for instance, from databases like BOLD (see below). A profusion of different bioinformatics approaches is available to reach this aim. In this point, we propose a classification of the main cases a DNA barcoding user can face, and the possible bioinformatics methods usable, evidencing pros and cons and the implemented species concept. Indeed, in disagreement with Ferguson [57] , we think that a species concept is always implicit in a method aiming at the identification of biological entities.
Advances in sequencing and computational technologies transformed DNA barcoding in an ambitious initiative, formed by different projects converging in the single aim of CBoL to create a universal system for a living beings inventory: the BOLD system [42] . By February 2010 BOLD database encompassed more than 790 000 sequences, corresponding to more than 67 000 formally described 'species'. The amount of data managed by BOLD database is impressive: it collects, for a large amount of deposited barcode sequences, specimen's details such as morphology, photographs, geographical distribution, collection points and others [42] .
Another recent Web-based tool that was made available is BioBarcode, a data-processing system, based on open source software [85] . BioBarcode is directed to the collection of Asiatic organisms, and by now encompasses around 11 300 specimen entries.
For every method considered in the following parts, Table 2 gives a summary of Web resources, if available, and references. Single query, large dataset with good intra-specific sampling, or trivial identifications, no idea of sequence variability: methods based on threshold
These methods are based on the analysis of similarity among barcode sequences compared to a reference dataset. In a strict sense these methods follow a typological species concept, and discriminate entities exceeding a certain level of variability called threshold value. Threshold approaches rely on the assumption that intra-specific sequences variation does not exceed a certain distance value, otherwise they are considered as different species. In general, these methods perform DNA barcoding sensu stricto, and are usually chosen because they are faster, and require low knowledge on population structure or phylogenetic relationships. These methods can be considered the 'first choice' for new users approaching DNA barcoding. However, these methods imply the existence of a reference dataset, generated with the coordinated work of traditional and molecular taxonomists, to work. Hebert et al. [43] firstly proposed the use of a divergence threshold following the '10-fold rule': the gap corresponds to a generic 10 times the value of intra-specific divergence. This rule has been deeply criticized (see for instance [2, 13] ). The BOLD system uses a threshold approach, allowing a Web user to perform species identification by querying, with an appropriate sequence (see question 5), the BOLD database: this tool is called identification system engine (BOLD-IDS [42] ). BOLD-IDS is actually based on similarity methods and distance tree reconstruction (for details see [19, 86] ). BOLD uses 1% of K2P distance as universal threshold value for metazoans discriminations [42] . At the analysis final stage, the query sequence is assigned to the species name of its nearestneighbouring referenced sequence. BOLD-IDS is continuously upgraded and deals with the challenge to implement the better algorithms developed by the scientists. Statistical tests for species assignment and character-based clustering methods are the latter methods that BOLD is considering [52, 54, 87, 88] . Furthermore, in order to correctly manage intra-specific variability, it was proposed to complement the current data format for submission to BOLD with fields related to known presence of endosymbionts, insight on molecular clocks, populational genetic structure and geographical distribution [19, 89] . It must be underlined that these data could also be helpful if other analytical methods are implemented in BOLD.
Despite the initial success (see, e.g. [86] ), pure distance-based methods could not be the most appropriate for species identification, because of several aspects clearly explained in [57] , such as the 'enchainment on the percent divergence' [90] ; the lack of a strong biological support [2] ; the loss of character information [91] ; the deep influence by incomplete taxonomic sampling both at species and intra-specific level [2] and by the chosen parameters for sequence alignment [92] .
In the same group, there are similarity methods like BLAST [93] , BLAT [94] or FASTA [95] that were largely used to infer similarity between a query sequence and barcode reference sequences. These methods deal with unaligned sequences in the reference database and use partial pairwise alignment or nearly exact matches of short strings (motifs) and are typically very fast in giving answers. In case of users dealing with very large datasets and if no higher precision is needed, similarity-based methods help you to rapidly analyse the datasets. Despite being extensively used in species identification (see for instance [68, 71] ), approaches like BLAST were shown to cause incorrect or inconsistent identifications [96] . Steinke et al. [97] proposed a method, named TaxI, based on pairwise alignment of the query sequence on a prealigned reference database. Even if the method is fast, this approach has two clear limits: (i) variable regions are difficult to align, especially for large datasets; (ii) the query could equally match two different reference species.
With the aim of circumventing the 'enchainment on the percent divergence' problem, Baccam et al. [98] developed PAQ; Blaxter et al. [65] implemented a modified version of CLOBB [99] and Meier et al.
[100] published TaxonDNA. Nevertheless, for DNA barcoding purposes all these methods have their limits: PAQ produces overlapping groups, TaxonDNA violates the threshold, whilst the modified CLOBB algorithm produces unstable groups [90] .
In order to maximize the strength of coherence between traditional taxonomy and DNA-based identification, Lefébure et al. [101] formally tested the correlation between taxonomic ranks and genetic divergences toward the definition of a molecular threshold to help taxonomic decisions on a Crustacea dataset. Molecular distances were computed both pairwise and patristic. Similarly Ferri et al. [69] developed Perl scripts that allow to identify the optimal threshold value related to the minimum cumulative error (the minimum degree of discrepancies between two identification approaches) for rapid species diagnoses of filarial nematodes. Both these works reported that a threshold-based approach within coxI sequence variation is in global agreement with the current taxonomy of the taxa studied. If the users' goal is to maximize the coherence between DNA barcoding and other identification systems, these integrated methods can be the best choice.
Concerning plants, Little and Stevenson [90] compared the performances of clustering, diagnostic and combined methods against similarity-based method on two gymnosperm datasets regarding a coding gene (matK) and a non-coding gene (ITS2). The results showed that the better values of accuracy to genus and species-level identification were reached with BLAST for the coding gene.
Small datasets relative to groups that experienced different evolutive histories: phylogenetic approach
These methods follow a phylogenetic species concept. In general, they are time consuming, because of high computational effort, and are directed to users acknowledged on the phylogenetic reconstruction techniques. These methods have been developed and proposed for DNA barcoding data analysis in order to overcome the limits of threshold-based approaches. However, the application of these approaches leads to some confusion in the relationships between DNA barcoding and molecular phylogeny (see also [13, 66] ). Moreover, the publication of trees as the only output of DNA barcoding-tagged papers contributed to enhance and spread criticisms on the technique. It is worth remembering that DNA barcoding is not, in a strict sense, a phylogenetic reconstruction: as stated before (questions 1 and 2), to identify is different than to solve phylogenetic issues or to classify. These methods should be used by users with a sound background on the phylogeny versus identification debate in the DNA barcoding world.
The methods are here organized in two subclasses: (i) pure phylogenetic methods and (ii) methods based on the coalescent theory.
Small^medium-sized datasets: pure phylogenetic approaches NJ, maximum parsimony (MP), maximum likelihood (ML) and Bayesian inference (BI) were extensively used to identify query sequences by the reconstruction of a set of topologies. In order to include the query sequence in a specific group it is crucial to identify group membership variables in the reconstructed hierarchy. This procedure is accomplished subjectively and consequently can cause disagreements in particular identification cases. Other problems can occur when: (i) a query sequence forms a new lineage; (ii) the gene tree does not match previous classification (e.g. caused by incomplete lineage sorting or conservation of ancestral polymorphisms); (iii) trees not well resolved impede unambiguous identification.
Elias et al. [82] analysed 58 species of tropical butterflies comparing similarity method (BLAST) with clustering methods (NJ, ML and BI). Their results showed almost equivalent accuracy for the four methods, despite BLAST and NJ performing considerably faster.
A statistical assignment of DNA sequences using BI has been developed by Munch et al. [102, 103] . The most important advancement of this method is the introduction of a statistical measure of confidence. Statistical assignment package (SAP) was developed to overcome limitations typical of both similarity and coalescent-based approaches (i.e. the request of extensive sampling, and multiple genes reconstructions). The authors proposed a purely phylogenetic solution, automatizing a Bayesian approach based on the positioning of the sample sequence to a particular clade in an established phylogeny with an associated measure of statistical confidence. However, the BI approach to tree sampling (necessary to obtain the statistically meaningful confidence) is computationally demanding, and for large datasets, alternative sampling approaches could be explored. In order to overcome this computational limit, Munch et al. [103] published an alternative approach consisting in a heuristic method for taxonomic rank assignment based on NJ and bootstrapping. This method could be interpreted as a rough and fast approximation to a full Bayesian approach.
It is known that in order to obtain robust phylogenetic reconstructions, the use of more taxa (see, for instance [104, 105] ) can perform better than the use of more genes [106, 107] . In DNA barcoding the intrinsic need for large datasets causes high computational efforts that can be not easily supportable. Given these considerations, it is clear that phylogenetic-based approaches should implement heuristics and simplified analytical methods.
Small datasets and good intra-specific sampling: methods based on the coalescent theory These methods rely on population genetics assumptions, and generally they require a large sampling, and consequently a considerable collection of DNA sequences for each biological entity. Population genetic theory shows that molecular threshold approaches do not take into account how the time since speciation influences patterns of genetic differentiation. In other words, there is a time lag between the speciation event and the observation of a reciprocal monophyly at a specific locus. Coalescent methods only take into account this time lag, introducing an essential correction in the analyses: differently from threshold-based methods, the ML inference based on coalescence should represent a more realistic species modelling [108] .
Matz and Nielsen [108] proposed one of the first efforts to introduce statistical formalisms in DNA barcoding data analysis. Their tree-based method takes into account phylogenetic uncertainty and uses population genetic theory to determine cut-offs for species assignment in ambiguous cases. A likelihood ratio test allows to evaluate possible boundaries of intra-specific variation (for each species) on the basis of reference datasets using population genetic inferences based on coalescent theory (the Markov Chain Monte Carlo method was implemented). This should help to calculate divergence times and/or gene flow events. The main drawbacks of this method include the requirement of large intra-specific sampling (in order to extract population genetics data), intense computational times (as a direct consequence) and the use of a unique model of intra-specific variability that cannot be applied to all species.
The same authors in a different work analysed two datasets known to be critical for the presence of extremely low and high sequence variability (butterflies and frogs, respectively), at both intra-and inter-specific levels [87] . The authors implemented a K-test and Bayesian assignment, taking into account simultaneously phylogenetic information from all the (relevant) species in the database and population genetic information (including coalescent process within species). Abdo and Golding [88] replied with a faster and accurate model-based decision-theoretic framework (always based on the coalescent theory) that associates a degree of confidence to the species assignments. Compared to Nielsen and Matz [87] , this approach allows to eliminate the need for multiple testing and to handle more than two populations at a time, thus speeding up the analyses. Given the sequences from members of a reference group and a query sequence from a new individual, Abdo and Golding [88] inferred the assignment of the new individual by using both distance and posterior probability of the reference group. Tested on both real and simulated datasets (the real dataset is the same used by Nielsen and Matz [87] ), the coalescent assigner showed itself to be more powerful than a distance-based method in species identification with a small sampling size. Anyway, in cases of large sampling sizes and high rate of intra-specific substitutions, this method becomes computationally expensive. Moreover, the authors promised a new version that adds a measure of confidence to the assignments.
Knowles and Carstens [109] developed a probabilistic model to infer relationship between the gene trees and species history. Their preliminary study suggests that recently derived species can be also accurately identified long before the time necessary to achieve reciprocal monophyly. The model relies on previous works showing that gene genealogies provide information about the history of a species despite widespread incomplete lineage sorting [110, 111] .
More recently, Monaghan et al. [112] developed a modified general mixed Yule-coalescent (GMYC) model for the analysis of high-throughput DNA sequencing, showing a convincing congruence with morphology (97%).
Large dataset and low intra-specific sampling: character-based approach When species are identified through character states (i.e. presence/absence of discrete nucleotide substitutions) DNA barcoding implements character-based methods. Differently from distance-and classical phylogenetic-based approaches, character-based methods rely only on diagnostic sites, which being a small percentage of the total characters, make the application typically faster. These methods are considered consistent with the phylogenetic species concept [113] and can also handle other sources of data, such as morphological or ecological data. This integration leads to a synergy which has the advantage of minimizing the discrepancies between classical taxonomy and DNA barcoding. Character-based methods sidestep the distance 'nearest neighbour problem' by reconstructing hierarchical relationships (i.e. the common ancestor is inferred when two entities share derived characters). In addition, character-based methods are probably the best choice in case of datasets with few sequences for each taxonomic group. Users working on organisms for which sampling is difficult and limiting, should consider these methods as a valid choice.
Sarkar et al. [114, 115] developed a tool named CAOS (Characteristic Attributes Organization System) for placing a query sequence based on the presence of shared characters that are diagnostic for nodes on the tree. Assuming that molecular information should be an active component of modern taxonomy (but should not be the sole source of information), DeSalle et al. [52] presented an operational, integrative approach to taxonomy that could allow DNA barcoding to be consistent with classical taxonomy reconciling molecular data with other sources of characters. DeSalle et al. [52] implemented CAOS in order to identify 'pure', 'private' and 'compound pure' character states in three different datasets (mammalians, fishes and invertebrates) and integrated these DNA characters with geographical, ecological and morphological data.
Kelly et al. [116] performed a comparison between efficacy of BLAST, BOLD-IDS and CAOS on a molluscs dataset. Interestingly, despite CAOS appeared to be more robust to missing data or small datasets, all three methods revealed an accuracy of 100%.
Rach etal. [117] measured the potential and effectiveness of CAOS identifying diagnostics DNA barcoding at different taxonomic levels on a dataset of 833 insect specimens. The authors underlined that, differently from distance-based methods (where different specimens per species are needed to estimate intra-specific variability) DNA barcodes obtained from a single specimen can still be useful in the process of species identification through a diagnostic method.
Sarkar et al. [118] then implemented CAOS method, presenting a set of software tools to perform a character-based diagnosis that defines characteristic attributes (CA) for every clade at each branching node within a guide tree. This version of CAOS reduced computational costs considering only diagnostically informative CA. Current versions of CAOS are command-line applications, but Sarkar et al. [118] planned to publish a graphical Web interface for late 2009.
Even if not directly designed to work on DNA barcoding data, several applications like ConFind [119] can be used to identify conserved regions in multiple sequence alignments that can be used as diagnostic targets.
DasGupta et al. [120] published a software package, called DNA-BAR, for selecting DNA probes usable in molecular characterization of microorganisms. The script, called degenbar, works in an iterative way, finding a near-minimum number of distinguishers, allowing then the users to select sets of these distinguishers.
Little and Stevenson [90] modified the script degenbar [120] in order to generate a matrix of distinguishers (sequence strings) accepting a maximum of 10 000 nucleotides and proposed a tool, called Diagnostic Oligo Motifs for Explicit Identification (DOME ID) [90] . According to the authors DOME ID can be used when the user needs small amount of ambiguity.
Richardson et al. [121] developed a Perl script that implements the functions of MBEToolbox (a MATLAB script published by [122] ) for analysis of a 96-well plate format sequences. Their script processes the *.phd.1 produced by the sequencer and takes into account Phred scores for diagnostic sites [123] . The results are files that can be opened in spreadsheet programs and show sequence quality, comparison data and suggested identifications. The incorporation of base-call quality scores (Phred values) allow the user to perform a unidirectional sequencing halving the sequencing costs.
Particular situations: combination of methods and avoiding alignments
Pons et al. [124] proposed a combined coalescent population model with a Yule model of speciation [125] that allows to define 'species' as cluster of specimens in a particular coalescent time frame.
Recently, a group of Web-based tools was made available to allow users to couple DNA barcoding and basic phylogenetic purposes. Some tools using the search algorithm called GoogleGene are now available: 'iBarcode' [56] ; at http://www.ibarcode .org and 'DNA Barcode Linker' at http://www .dnabarcodelinker.com). These methods represent an appreciable attempt to support the DNA barcoding sensu lato philosophy, reconciling the systematics community.
Poor quality and the user influence on the alignment procedures could be responsible for the relatively poor performance of clustering hierarchical methods. In particular, NJ may be victim of low quality alignment. For these reasons, when large variable loci are present, it could be desirable to avoid methods that rely on alignments.
Since no universal alignment parameters are defined (hence gaps assignment into alignments is quite subjective, see [126] ) and there is no consensus on what defines a good or a best alignment, Chu et al. [127, 128] explored the feasibility of grouping taxa based on component vector (CV) analysis that does not require alignment. The authors showed that the analysis of CVs can be a reliable clustering strategy for DNA barcoding purposes since their results were in global agreement with more sophisticated and alignment-based phylogenetic reconstructions. The method seems encouraging, but it should be tested on more challenging datasets.
In order to avoid alignments, Kuksa and Pavlovic [129] developed alignment-free methods leading to accurate and fast identifications.
Finally, ATIM is a hybrid method between hierarchical clustering and similarity methods. Each sequence in the reference database is scored for presence-absence of all possible short sequence motifs. The query is added and similarly scored, and subjected to cladistic analysis. Methods are available in Little and Stevenson [90] .
Key Points
The present work moves from a striking request of the DNA barcoding world: the standardization of the method. We are not here proposing a unique way to treat data, but a shared way to approach a DNA barcoding analysis, by a six-question tour towards a better knowledge of the technique. On this basis the main points of our work are: DNA barcoding implies two different approaches to discrimination (see question 1), but, in any case, it can be considered a catholic method to discriminate biological entities (see question 3). In DNA barcoding molecular and biological entities are facing. This can generate problems, but bioinformatics tools allow us to cope with them. Some of the major criticisms of the method are only due to the unavoidable complexity of biological matters (see questions 2 and 6). Bioinformatics plays a key role in supporting and consolidating DNA barcoding, being the core in the choice of the right primers (see question 4), in evaluating the sequence quality (see question 5) , and obviously in data analysis (see question 6).
